We have cloned and sequenced cDNAs encoding a mouse RNA-binding protein that is homologous to human HuD antigen. The amino acid sequence deduced from the nucleotide sequence has revealed that the mouse HuD protein is identical to the human counterpart except for two amino-acid substitutions outside the three RNA recognition motifs (RRMs) and a difference in the N-terminus. The mouse HuD gene produces two major brain-specific mRNAs (3.7 kb and 4.4 kb) and a minor testis-specific mRNA (1.3 kb), which is indicative of alternative RNA processing. These results suggest that the mouse HuD homolog is a member of the tissue-specific RNA-binding protein family, possibly involved in RNA metabolism in the nervous system.
Introduction
RNA-binding proteins are involved in many aspects of gene expression such as RNA processing, and transport and translation of mRNA. In particular, recent studies have clearly demonstrated that numerous RNA-binding proteins play important roles in both constitutive and regulative splicing of mRNA precursors (pre-mRNA). Most of these RNA-binding proteins have a common motif termed the RNA recognition motif (RRM) or RNAbinding domain which consists of a sequence of 80-90 conserved amino acids. 6~10 RRM is characterized by two highly conserved sequences of 8 and 6 amino acids, RNP-1 and RNP-2 consensus sequences, and by possible structural conservation of two a-helices and four anti-parallel /?-strands. 10^12 RRMs are thought to be the core domains responsible for RNA-binding.
Recently, a group of tissue-specific RNA-binding proteins which are expressed in the nervous system have been reported in several organisms. Elav is a neuronspecific protein, the deficiency of which leads to embryonic lethality in Drosophila melanogaster. 13 ' 14 Three human proteins (HuD, HuC and Hel-Nl), a frog protein (Nrp-1) and another fly protein (Rbp9) are also expressed only in the nervous system whose RRM sequences, except for Nrp-1, show a striking similarity to that of Elav. 15 " 19 Localized expression and sequence similarity between these proteins strongly suggest their involvement in RNA metabolism for the development and/or mainteCommunicated by Yoshikazu Nakamura * To whom correspondence should be addressed. Tel. & Fax.
+81-78-803-0554 nance of the nervous system. However, the biological function of these RNA-binding proteins remains to be elucidated.
As the first step to understand the roles of the nervous system-specific RNA-binding proteins, we attempted to identify mouse homologs by taking advantage of the highly conserved amino acid sequences in RRMs. We have isolated mouse cDNAs encoding three kinds of RRMs which have a high degree of similarity to those of the nervous system-specific proteins. Here we report the entire coding sequence and tissue-specific expression of a mouse HuD homolog which contains one of the three RRMs isolated.
Materials and Methods

Enzymes and other chemicals
Restriction enzymes and Klenow fragment were obtained from Toyobo (Osaka, Japan). DNA ligation kit was obtained from Takara Shuzo (Kyoto, Japan). Sequenase version 2.0 sequencing kit was obtained from United States Biochemicals (Cleveland, OH, USA). The oligonucleotides used were custom-made by Kurabo Biomedicals (Osaka, Japan). GeneAmp PCR kit and radiolabeled nucleotides were purchased from Perkin-Elmer Cetus (Norwalk, CT, USA) and Amersham (Buckinghamshire, UK), respectively. 
RNP1-
RNP1-1 and RNP2-2 were designed to target the sequences encoding (V, I, M)FG(F, Y)G and F(V, I, M) YN(L, F), respectively. PCR was performed using DNA from about 10 8 phage clones as a template and 500 pmol of each primer essentially according to the manufacturer's instructions. The PCR conditions using ASTEC PC-800 were as follows: 94°C, 45 sec; 48°C, 60 sec; 72°C, 30 sec (for first 5 cycles), 94°C, 30 sec; 55°C, 30 sec; 72°C, 30 sec (35 cycles), 95°C, 1 min; 55°C, 1 min; and 72°C, 2 min (for the last cycle). PCR fragments were digested with BarriHl and EcoRI and cloned into a pUC118 plasmid vector. A PCR fragment encoding RAl was used as a probe for subsequent screening of clones containing the entire coding region.
Sequencing
Recombinant A gtlO phage DNA containing HuD cDNA was digested with EcoKl and the cDNA insert was recloned into the plasmid pUC118. Plasmid DNA preparation was performed according to a previously reported method. 20 Sequencing was performed using Sequenase version 2.0 kit (United States Biochemicals) according to the manufacturer's instructions.
2.4-Southern and Northern blot analyses
For Southern blot analysis, 10 /ig each of genomic DNA from C3H mice was digested with various restriction enzymes. For Northern blot analysis, mouse MTN Blots (Clontech) was used. Quality and quantitative equality of RNA from each tissue was confirmed using human glyceraldehyde 3-phosphate dehydrogenase (G3PDH) cDNA (Clontech) as a control probe. Electrophoresis, blotting and hybridization were performed according to standard methods. 20 After stringent washing, hybridization patterns were analyzed by Fuji BAS-2000 imaging analyzer and standard autoradiography.
Results
Isolation of cDNAs encoding RRM
Using a set of degenerate primers which are targeted to two RNP consensus sequences (RNP-1 and RNP-2) conserved in the third RRMs of Drosophila Elav and human HuD, three kinds of cDNA clones encoding RRMs were isolated from a mouse fetal brain cDNA library. The amino acid sequences of these clones, termed RAl, RA2 and RA3, deduced from the cDNA sequences show a striking degree of similarity to those of the nervous system-specific RNA-binding proteins (Fig. 1 ). RAl and RA2 were found to be identical to the third RRMs of human HuD 15 and HuC (Furneaux, H. M., personal communication), respectively. RA3 is very similar to the third RRM of Hel-Nl, which is also a human nervous system-specific protein. 
Nucleotide sequence of mouse HuD
Of the mouse RRM clones we isolated, RAl was chosen for further analysis. By screening the same brain cDNA library using RAl cDNA as a probe, two cDNAs (about 1.2 kb and 0.7 kb) were isolated and subjected to nucleotide sequence determination. These cDNAs were found to overlap each other and the entire nucleotide sequence, by combining their sequences, shows the presence of a long open reading frame (ORF) with three putative initiation AUG codons separated by 6 and 4 codons (Fig.  2) . We arbitrarily adopt the most upstream AUG as the translation initiator because all three AUG codons are in the same reading frame. We noticed, however, that the third AUG was the best match to the vertebrate translation initiation consensus. 
AAGGTCATCCGTGACTTCAACACCAACAAGTGCAAGGGATTCGGCTTCGTCACCATGACCAACTACGATGAGGCAGCCATGGCCATCGCCAGCCTCAATGGCTATCGCCTGGGAGACAGA 1200 deduced from the nucleotide sequences revealed that the similarity in these RRMs of the corresponding positions, mouse protein has 385 amino acid residues and is almost suggesting that all of these nervous system-specific RNAidentical to human HuD (98% identity) except for two in-binding proteins are derived from a common ancestor, ternal amino-acid substitutions outside the RRMs (T 40 Elav RRMs seems to be slightly different from those of and S270 in human that correspond to A45 and P275 in other proteins, mouse, respectively) and a difference in the N-terminus (MV in human to MEWNGLK in mouse). 15 Also, the nu-2.3. Tissue-specific expression of mouse HuD gene cleotide sequence similarity extends outside the protein Genomic Southern blot analysis using cDNAs covercoding region between mouse and human cDNAs. Thus, i n g t h e e n t i r e c o d i n g r e g i o n s h o w s t h a t t h e m o u s e H u D we conclude that the protein that is encoded by the cD-g e n e s e e m s t o b e a s i n g l e c o p y g e n e beC ause a few geNAs isolated in this work is a mouse homolog of human n o m i c fragments hybridized to the cDNA probe in diHuD protein. The mouse HuD has the three RRMs iden-g e s t g w i t h v a r i o u s restr iction enzymes used, exemplified tical to those of the human counterpart. Alignment of b y t h e p r e s e n c e o f a s i n g l e b a n d o f a b o u t 1 4 k b w i t h amino acid sequences of the three HuD RRMs with those BgBI d i g e s tion (Fig. 4) . The hybridization pattern is of other nervous system-specific RNA-binding proteins d i s t i n c t from t h o s e obtained with other cDNAs encodis shown in Fig. 3 . There is a high degree of sequence ing RA2 and RA3 (data not shown), indicating that the three kinds of RRMs isolated in this work are encoded by different genes. Northern blot analysis shows that three types of HuD transcripts are present (Fig. 5) . Two mRNA species of different sizes (3.7 kb and 4.4 kb) are expressed specifically in brain, where the longer mRNA is predominant (lane 2). One minor mRNA of shorter length (1.3 kb), which was detected by prolonged exposure, is specifically expressed in testis (lane 9), suggesting the occurrence of tissue-specific alternative RNA processing.
Discussion
We have determined the complete nucleotide sequence of cDNA clones encoding a mouse protein with a high degree of similarity to the human HuD protein. The mouse protein is almost identical to the human counterpart and the similarity between mouse and human cDNAs extends to both the 5'-and 3'-untranslated regions. 15 In addition, human HuD cDNA cross-hybridized to the same mouse genomic fragments as did the mouse cDNA (data not shown). Expression of the mouse HuD gene is essentially brain-specific as is its human counterpart. 15 These data clearly indicate that the protein described here is a mouse homolog of human HuD. The importance of the HuD gene is also suggested phylogenetically by the observation that there is a homologous gene in the chicken genome (unpublished data).
The HuD protein is thought to be an RNA-binding protein because it has three RRMs that are conserved among many RNA-binding proteins. 15 not known at present whether HuD really has an RNAbinding ability. Hel-Nl, a human nervous system-specific RNA-binding protein with three RRMs, has been demonstrated to have an RNA-binding ability specific for the short uridylate-rich sequences in the 3'-untranslated region of some mRNAs. 16 ' 17 All RNP consensus sequences are identical between HuD and Hel-Nl and the entire amino acid sequence of mouse HuD shows 83.1% identity to that of Hel-Nl. This high degree of similarity strongly suggests that HuD has an RNA-binding ability, although its binding specificity is not necessarily the same as that of Hel-Nl.
In the brain, the mouse HuD gene produces two transcripts of different sizes (3.7 kb and 4.4 kb). These transcripts are apparently longer than the sum of the cDNAs analyzed in this work (1435 nucleotides; Fig. 2 ) even if we include a certain length of poly(A) tail of these transcripts. The Drosophila rbp9 gene, which encodes a neuron-specific Elav-like protein, produces six mRNA species of about 3.5 kb, having long 5'-and 3'-untranslated regions. 19 These mRNAs arise from alternative choice of three promoters and one exon, which results in the production of two kinds of proteins with 439 and 444 amino acids. Alternative 3' splice site choice has been reported with the human HuD gene. 15 In addition, we have evidence that the mouse HuC gene produces at least two kinds of mRNAs by alternative splicing (unpublished data). In the case of mouse HuD gene, long untranslated regions and alternative promoter and/or splice site choice might produce multiple mRNAs including a testis-specific mRNA that encodes related but different proteins, although we have no supporting evidence at present. It remains to be elucidated whether the 1.3-kb testis-specific mRNA encodes the same protein as do the brain-specific mRNAs. In any case, it is relevant that the mouse HuD protein described in this work is predominantly expressed in brain, because we isolated the corresponding cDNAs from a brain cDNA library and because expression of the testis-specific HuD mRNA is much less than the brain-specific mRNAs.
HuD has been identified as an antigen which is recognized by autoimmune sera of patients with paraneoplastic encephalomyelitis sensory neuronopathy. 15 The biological function of HuD in the brain is not known. However, degeneration of brain tissue associated with a HuD-related syndrome, its brain-specific expression, and its highly conserved nature in humans and mice suggest an essential function of this protein for the development and/or maintenance of the nervous system, which may in turn be involved in RNA processing events. In addition, HuD may play a role in the development of another tissue because a short testis-specific HuD mRNA is produced which is different from the brain-specific mRNAs. Further analysis is needed with respect to its RNA-binding specificity and its native target RNAs to clarify the biological roles of HuD and other related proteins that contain RRMs similar to those reported here.
